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PHASE SHIFT MASKING FOR COMPLEX PATTERNS 
WITH PROXIMITY ADJUSTMENTS 

Inventor: Christophe Pierrat 

5 CLAIM OF BENEFIT OF PROVISIONAL APPLICATION 

[0001] The present application claims the benefit under 35 U.S.C. 1 19(e), and all other available 
benefits, of prior U.S. Provisional Application No. 60/215,938; filed 5 July 2000; entitled "Phase 
Shift Masking for Complex Layouts"; invented by Christophe Pierrat, which is incorporated by 
reference as if fully set forth herein. 
%& [0002] This application is related to, claims the benefit of priority of, and incorporates by 
U reference, the United States Provisional Patent Application Serial No. 60/296,788 filed 08 Jun 2001 
Jj entitled "Phase Conflict Resolution for Photolithographic Masks" having inventors Christophe 
iil Pierrat and Michael Cote and assigned to the assignee of the present invention. 
J [0003] This application is related to, claims the benefit of priority of, and incorporates by 

15 reference, the United States Provisional Patent Application Serial No. 60/304, 142 filed 10 Jul 2001 

w 

flj entitled "Phase Conflict Resolution for Photolithographic Masks" having inventors Christophe 

m Pierrat and Michael Cote and assigned to the assignee of the present invention. 

^ [0004] This application is a continuation-in-part of U.S. Patent Application No. 09/932,239, 

entitled "Phase Conflict Resolution for Photolithographic Masks," filed 17 August 2001, having 
20 inventors Christophe Pierrat and Michel Cote. 

[0005] This application is a continuation-in-part of U.S. Patent Application No. 09/669,368, 

entitled "Phase Shift Masking for Intersecting Lines," filed 26 September 2000 , having inventor 

Christophe Pierrat. 

25 BACKGROUND OF THE INVENTION 

Field of the Invention 

[0006] The present invention relates to manufacturing small dimension features of objects, such 
as integrated circuits, using photolithographic masks. More particularly, the present invention 
relates to the application of phase shift masking to complex layouts for integrated circuits and 
30 similar objects. 
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Description of Related Art 

[0007] Phase shift masking, as described in United States Patent No. 5,858,580, has been 
applied to create small dimension features in integrated circuits. Typically the features have been 
limited to selected elements of the design, which have a small, critical dimensions. Although 
manufacturing of small dimension features in integrated circuits has resulted in improved speed and 
performance, it is desirable to apply phase shift masking more extensively in the manufacturing of 
such devices. However, the extension of phase shift masking to more complex designs results in a 
large increase in the complexity of the mask layout problem. For example, when laying out phase 
shift areas on dense designs, phase conflicts will occur. One type of phase conflict is a location in 
the layout at which two phase shift windows having the same phase are laid out in proximity to a 
feature to be exposed by the masks, such as by overlapping of the phase shift windows intended for 
implementation of adjacent lines in the exposure pattern. If the phase shift windows have the same 
phase, then they do not result in the optical interference necessary to create the desired effect. Thus, 
it is necessary to prevent inadvertent layout of phase shift windows in phase conflict. 
[0008] Another problem with laying out complex designs which rely on small dimension 
features, arises because of isolated exposed spaces which may have narrow dimension between 
unexposed regions or lines. Furthermore, proximity effects including optical proximity effects, 
resist proximity effects, and etch proximity effects, can have greater impact on the layout of dense, 
small dimension patterns. 

[0009] Because of these and other complexities, implementation of a phase shift masking 
technology for complex designs will require improvements in the approach to the design of phase 
shift masks, and new phase shift layout techniques. 

SUMMARY OF THE INVENTION 
[0010] The present invention provides techniques for extending the use of phase shift 
techniques to implementation of masks for complex layouts in the layers of integrated circuits, 
beyond selected critical dimension features such as transistor gates to which such structures have 
been limited in the past. The invention provides a method that includes identifying features for 
which phase shifting can be applied, automatically mapping the phase shifting regions for 
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implementation of such features, resolving phase conflicts which might occur according to a given 
design rule, applying assist features, and adjusting for proximity correction shapes within phase shift 
windows and within trim mask shapes associated with the phase shift windows. The present 
invention is particularly suited to opaque field phase shift masks which are designed for use in 
5 combination with trim masks for clearing unwanted artifacts of the phase shift masking step, and 
optionally defining interconnect structures and other types of structures, necessary for completion of 
the layout of the layer. 

[0011] In one embodiment, the process of identifying features suitable for implementation using 
phase shifting includes reading a layout file which identifies features of the complex pattern to be 
exposed. 

[0012] In one preferred embodiment, the phase shift mask includes an opaque field, and the 
phase shift regions include a plurality of transparent windows having a first phase within the opaque 
field, and a plurality of complementary transparent windows having a second phase approximately 
180 degrees out of phase with respect to the first phase, within the opaque field. The opaque field 
leaves unexposed lines formed using the phase transition between phase shift regions unconnected 
to other structures in some cases. A complementary trim mask is laid out for use is conjunction 
with the opaque field phase shift mask. In one embodiment, the complementary trim mask is a 
binary mask, without phase shifting features. In other embodiments, the trim masks include various 
combinations of binary features, tri-color features, phase shift features, attenuated phase shift 
20 features and attenuated-opacity trim features. 

[0013] The present invention provides a method for laying out an opaque field, alternating phase 
shift mask pattern and a trim mask pattern for use with the phase shift mask pattern to produce a 
target feature, and providing for proximity adjustments, including but not limited to optical 
proximity correction OPC adjustments, to the patterns. The phase shift mask pattern includes a first 
25 phase shift window having a first side and a second side opposite the first time and spaced away 
from the first side by a phase shift window width, a second phase shift window having a first side 
and a second side opposite the first side and spaced away from the first side by a phase shift window 
width, and an opaque field referred to sometimes as "control chrome," having a control width, 
overlying the region of phase transition along the respective first sides in between the first and 
30 second phase shift windows. The trim mask pattern includes an opaque trim shape in a location 
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corresponding with said region of phase transition and having a trim width in the dimension parallel 
with said control width. According to the present invention, an adjustment for proximity effects, is 
applied to at least one, and preferably both, of the phase shift mask pattern and the trim mask pattern 
based upon one or both of the rule based correction and a model based correction to improve a 
match between resulting exposure pattern and a target feature. In one embodiment, the adjustment 
includes one, or more than one, of the following process steps: 

[0014] (1) adjusting said first phase shift window width and said second phase shift window 
width, 

[0015] (2) adjusting said control width, 
[0016] (3) adjusting said trim width, 

[0017] (4) adding a sub-resolution opaque shape to one or both of the first and second phase 
shift windows, 

[0018] (5) adding a clear shape to the trim shape, and 

[0019] (6) adding one or more opaque shapes to one or both of the first and second phase shift 
windows and adding a clear shape or shapes to the trim mask pattern, where 

(i) the opaque shapes in the phase shift windows are at or above resolution, and 
clear shapes in the trim shape are below resolution in one embodiment, and 
are at or above resolution in another embodiment, and 

(ii) the opaque shapes in the phase shift windows are below resolution, and clear 
shapes in the trim shape are below resolution in one embodiment, and are at 
or above resolution in another embodiment. 

[0020] The sub-resolution shapes do not "print" in the image being exposed, but affect the 
intensity profile at the wafer level, such as by improving contrast of the image and thereby 
improving process latitude, and changing the size of the printed image caused by the phase shift 
region in which the sub-resolution feature is laid out, such as for optical proximity correction OPC. 
[0021] As a result of the layout rule, regions in the phase shift mask may result in phase 
conflicts. Thus, embodiments of the invention also include applying an adjustment to one or more 
of the phase shift regions in the phase shift mask to correct for phase conflicts. The adjustment for 
phase conflicts in one embodiment comprises dividing a phase shift region having a first phase into 
a first phase shift region having the first phase in a second phase shift region having the second 
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phase. An opaque feature is added to the phase shift mask between the first and second phase shift 
regions. The complementary mask includes a corresponding opaque feature preventing exposure of 
the features to be exposed using the first and second phase shift regions in the phase shift mask, and 
includes a cut-out over the opaque feature separating the first and second phase shift regions to 
expose any feature resulting from the phase difference between the first and second phase shift 
regions. In one embodiment, the unique structure which results from the adjustment is laid out in 
the first instance to prevent phase conflicts in the layout, and so may not be considered an 
"adjustment" to correct a phase conflict in the layout. 

[0022] For example, phase conflicts can arise in the implementation of a pattern consisting of an 
intersection of an odd number of line segments. The odd number of line segments defines a 
plurality of corners at the intersection. In this case, phase shift regions are laid out adjacent the line 
jjj segments on either side of the corner so they have the same phase, and preferably continuing around 
ill the corner in all of the plurality of corners, except one. In one excepted corner, a first phase shift 
yj region having the first phase is laid out adjacent the line segment on one side of the corner, and a 
|§ second phase shift region having the second phase is laid out adjacent the line segment on the other 
side of the corner. An opaque feature is added between the first and second phase shift regions in 
the one corner. The complementary mask includes a corresponding opaque feature preventing 
exposure of the intersecting line segments left unexposed by the phase shift mask, and includes a 
cut-out over the opaque feature separating the first and second phase shift regions to expose any 
20 feature resulting from the phase difference in the one excepted corner between the first and second 
phase shift regions. 

[0023] The selection of the one excepted corner having the cut-out feature in the structure that 
defines the intersection of an odd number of line segments is implemented in various embodiments 
according to design rules. In one design rule, the one excepted corner is the corner defining the 

25 largest angle less than 180 degrees. In another design rule, the one excepted corner is the corner 
which is the greatest distance away from an active region on the integrated circuit. 
[0024] In one embodiment, the pattern to be implemented includes exposed regions and 
unexposed regions. Exposed regions between unexposed regions (i.e., spaces between lines or other 
structures) having less than a particular feature size are identified for assist features. The particular 

30 feature size used for identification of exposed regions between unexposed regions may, or may not, 
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be the same as the feature size used for selection of unexposed regions (i.e., lines) to be 
implemented using phase shift masking. According to this aspect of the invention, the process 
includes laying out phase shift regions in the phase shift mask to assist definition of edges of the 
unexposed regions between exposed regions. 

5 [0025] According to another aspect of the invention, the process includes adding opaque shapes 
inside a particular phase shift region in the phase shift mask. The opaque shapes comprise in 
various embodiments features inside and not contacting the perimeter of the particular phase shift 
region. In other embodiments, the opaque shapes result in division of a phase shift region having a 
first phase into first and second phase shift regions having the same phase. An opaque shape 

p between the first and second phase shift regions acts in one embodiment is a sub-resolution feature, 

g? and improves the shape of the resulting exposed and unexposed regions that define the target 

Oi feature. 

y] [0026] According to another aspect of the invention, the layout of phase shifting regions in an 

:.- .. 

J . j opaque field includes a step of simulating an intensity profile or other indication of the exposure 
|5 pattern to be generated, and locating regions in the exposure pattern which are anomalous, such as 
111 by having higher intensity. Sub-resolution shapes features are then added to the layout covering the 
K anomalous regions in the exposure pattern to adjust the exposure pattern to provide for better target 
W feature definition. 

ru 

[0027] The use of sub-resolution shapes within phase shift regions is applied uniquely for the 
20 formation of an array of closely spaced target features, such as an array of capacitor plates used in 
dynamic random access memory designs. 

[0028] An overall process for producing a layout file, or a photolithographic mask is provided 
that includes identifying features to be implemented using phase shifting, laying out phase shifting 
regions so as to prevent or minimize phase conflicts, applying sub-resolution assist features to the 

25 phase shift regions, and producing a layout file. Next, a complementary trim mask is laid out to 
complete the exposure pattern for a target feature. Also, according to the present invention, 
adjustments are applied to both the trim mask pattern and the phase shift mask pattern. 
[0029] One embodiment of the invention is a method for producing a computer readable 
definition of a photolithographic mask used for defining a layer in an integrated circuit, or other 

30 work piece, where the layer comprises a pattern including a plurality of features to be implemented 
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with phase shifting. The method includes identifying cutting areas for phase shift regions based on 
characteristics of the pattern. Next, the process cuts the phase shift regions in selected ones of the 
cutting areas to define phase shift windows, and assigns phase values to the phase shift windows. 
The cutting of the regions into windows and assigning of phase shift values to the windows is 

5 basically an iterative process, in which the order of cutting and assigning depends on the particular 
procedure, and may occur in any order. The phase shift values assigned comprise N and 2, so that 
destructive interference is caused in transitions between adjacent phase shift windows having 
respective phase shift values of N and 2. In the preferred embodiment, N is equal to approximately 
2 + 180 degrees. Results of the cutting of phase shift regions into phase shift windows, and 

M assigning phase values to the phase shift windows are stored in a computer readable medium. 

S- Adjustments for proximity correction as described above are typically applied after the cutting 

J*J process just described. 

Ill [0030] By identifying the cutting areas based on characteristics of the pattern to be formed, the 
I . j problem of dividing phase shift regions into phase shift windows, and assigning phase shift values 
|5 to the windows is dramatically simplified. 

fU [0031] Representative criteria applied in the cutting of phase shift regions into phase shift 
m windows, and assigning phase values to the phase shift windows, include the following: 
Jj: [0032] 1. Try to avoid the creation of small phase shift windows that are difficult to 

manufacture on the mask and that do not provide sufficient process latitude. 
20 [0033] 2. Try to keep the number of cuts to a minimum and keep the cuts with the maximum 
process latitude. For example, cuts originating from an outside opaque (typically chrome) corner 
tend to have a better process latitude than cuts originating from an inside opaque corner. Long cuts 
from an original opaque feature to an original opaque feature tend have more process latitude than 
short cuts. Cuts from an original opaque feature to a field area tend to have more process latitude 
25 than cuts from an original opaque feature to an original opaque feature. 

[0034] In one embodiment of the invention, a cost function is applied, in performing the cutting 
and assigning steps, which relies on the identified cutting areas and on the positions and shapes of 
features in the pattern to be formed using the phase shift windows. 

[0035] The step of identifying cutting areas includes in one embodiment of the invention, a 
30 process comprising three steps. The first step involves identifying features in the plurality of 
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features that are characterized by non-critical process latitude to define a set of non-critical features. 
The second step involves identifying fields between features in the plurality of features 
characterized by critical process latitude to define a set of critical fields. The third step involves 
defining cutting areas as areas within the phase shift regions which extend between two features in 

5 the set of non-critical features, or between a feature in the set of non-critical features and a field 

outside the phase shift regions, without intersecting a field in the set of critical fields. The identified 
cutting areas are further refined in other embodiments, by changing the shape of the cutting areas or 
by elimination of cutting areas, based upon characteristics of the pattern, characteristics of phase 
shift windows which may result from cutting in the cutting area, and/or other criteria that identify 

|B areas in which cutting is less desirable. 

Cl [0036] Examples of non-critical features include elbow shaped features, T-shaped features, and 
w polygons larger than a particular size. Parameters utilized to identify non-critical features can be 
determined using simulations based upon simulation criteria which tends to flag features 
characterized by non-critical process latitude. For example, simulations of over exposure conditions 

23 tend to identify non-critical features. 

Ill 

j*j [0037] Examples of critical fields include fields between narrow lines that are close together. 

!i? Parameters utilized to identify critical fields can be determined using simulations based upon 

W 

f y simulation criteria which tend to flag fields characterized by critical process latitude. For example, 
simulations of under-exposure conditions tend to identify critical fields between features which 

20 bridge together across the critical field in under-exposure conditions. 

[0038] In another embodiment of the invention, an article of manufacture comprising a machine 
readable data storage medium having stored thereon instructions executable by a data processing 
system defining steps for laying out a photolithographic mask according to the process is described 
above. In another embodiment of the invention, a data processing system including a processor and 

25 memory storing such instructions is provided. 

[0039] In another embodiment, the present invention provides a photolithographic mask 
including a plurality of phase shift regions divided into phase shift windows in cutting areas that are 
defined as described above. Thus, a photolithographic mask for defining a pattern in a layer to be 
formed using the mask, wherein said pattern includes a plurality of features, and said layer includes 

30 fields outside said pattern, is provided that comprises a substrate, a mask layer of material on said 
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substrate. The mask layer includes phase shift regions and fields, and a plurality of phase shift 
windows in the phase shift regions, the plurality of phase shift windows characterized by phase shift 
values that create phase transitions between the phase shift windows to form said pattern, wherein 
the boundaries of the phase shift windows lie within cutting areas that are defined based upon 
5 characteristics of said pattern. A set of features in the plurality of features, where features in the set 
are characterized by non-critical process latitude, and a set of critical fields between features in the 
plurality of features where fields in the set are characterized by critical process latitude. The cutting 
areas include areas within the phase shift regions which extend between two features in the set of 
features, or between a feature in the set of features and a field outside the phase shift regions, 
t§ without intersecting a field in the set of critical fields. 

£3 [0040] In further embodiments, the present invention provides a method for manufacturing 

II! 

fp photolithographic masks according to the process described above, and a method for manufacturing 
a layer in an integrated circuit utilizing the photolithographic mask as described above. In addition, 
a new class of integrated circuits is provided that is manufactured according to the methods 
described herein, and have a patterned layer of material with a plurality of small dimension features 
which are closely spaced and implemented using alternate phase shift masking. The new class of 
integrated circuits comprise layers have a dense pattern of small features, that was not achievable 
It] applying the prior art techniques. 

[0041] A method for producing integrated circuits having improved small dimension structures 
20 includes applying a photo-sensitive material to a wafer, exposing the photo-sensitive material using 
the phase shift mask implemented as described above, exposing the photo-sensitive material using 
the complementary trim mask implemented as described above, and developing the photo-sensitive 
material. A next process step in the method for producing integrated circuits involves the removal 
of materia] underlying the photo-sensitive material according to the resulting pattern, or addition of 
25 material over the wafer according to the pattern resulting from the use of the phase shift and 
complementary masks. The resulting integrated circuit has improved, and more uniform line 
widths, and improved and more uniform spaces between structures on the device. In some 
embodiments, the resulting integrated circuit has intersecting lines defined with phase shift masks. 
[0042] The present invention provides techniques for extending the use of phase shift 
30 techniques to implementation of masks for a pattern having high density, small dimension features, 
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and the use of such masks for implementing the pattern in a layer of an integrated circuit, or other 
work piece. For example, the techniques of the present invention are applied in areas including 
multiple features using phase shift windows, where those features are in close proximity. The 
techniques are also applied for so-called "full shift" of dense patterns on layers of a work piece. 
5 [0043] Accordingly, the present invention provides for the design and layout of 

photolithographic masks, and the manufacture of integrated circuits, in which the use of phase 
shifting is extended to so-called "full shift" patterns, in which a pattern in the integrated circuit layer 
is defined utilizing alternate phase shifting techniques. 

[0044] Other aspects and advantages of the present invention can be understood with review of 
|Lg the figures, the detailed description and the claims which follow. 

m BRIEF DESCRIPTION OF THE FIGURES 

frs 

||1 [0045] Fig. 1 illustrates a phase shift window pair in an opaque field alternating phase shift 

^ pattern for formation of a target feature, and labels a control width dimension and a phase shift 

€5 window width dimension. 

fin 
W 

fy [0046] Fig. 2 illustrates a trim shape for a complementary trim mask pattern corresponding with 
2 the phase shift window pair of Fig. 1, and labels a trim width dimension. 

Q [0047] Fig. 3 illustrates shapes added for proximity correction to the basic phase shift window 
pair according to the present invention for formation of a target feature, and labels a feature spacing 

20 dimension and a feature width dimension. 

[0048] Fig. 4 illustrates shapes added for proximity correction to the trim shape for the phase 
shift window pair of Fig. 1, or of Fig. 3, according to the present invention, and labels a feature 
spacing dimension and a feature width dimension. 

[0049] Fig. 5 illustrates a binary mask and Fig. 6 illustrates a phase shift mask according to a 
25 prior art phase shift masking technique. 

[0050] Fig. 7 is a plot of the intensity profile of an exposure made using the masks of Figs. 5 
and 6 according to the prior art. 

[0051] Fig. 8 illustrates a binary mask, and Fig. 9 illustrates a phase shift mask according to the 
present invention for implementing the same shape as implemented with Figs. 1 and 2. 
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[0052] Fig. 10 is a plot of the intensity profile of an exposure made using the masks of Figs. 8 
and 9 according to the present invention. 

[0053] Fig. 1 1 is a binary mask, and Fig. 12 is a phase shift mask for implementation of a 
feature comprising three intersecting line segments according to the present invention. 
5 [0054] Fig. 13 is a plot of the intensity profile of an exposure made using the masks of Figs. 1 1 
and 12. 

[0055] Fig. 14 is a binary mask, and Fig. 15 is a phase shift mask for implementation of a 
feature comprising five intersecting line segments according to the present invention. 
[0056] Fig. 16 illustrates a phase shift mask for implementation of a double "T" structure. 

t§ [0057] Fig. 17 illustrates an alternative phase shift mask for implementation of a double "T" 

0 

O structure according to the present invention. 

jjyj [0058] Fig. 1 8 illustrates one example of the layout of a phase shift mask according to the 
Y} present invention for a complex pattern. 

W [0059] Figs. 19A and 19B illustrate the layout and contour plots of a prior art phase shift mask 
k for implementation of a dense array of capacitor plates on integrated circuit. 
]^ [0060] Figs. 20A and 20B illustrate the layout and contour plots of the phase shift mask for 
CH implementation of a dense array of capacitor plates on an integrated circuit according to the present 
ft 1 invention. 

[0061] Fig. 21 illustrates a phase shift mask having sub-resolution assist features, for 
20 implementation of an exposure pattern as shown in Fig. 22. 

[0062] Fig. 22 shows an exposure pattern which results from the phase shift mask of Fig. 21, 
and an exposure pattern which would result from the phase shift mask of Fig. 21 without the assist 
features. 

[0063] Fig. 23 is a flow chart of a process for producing layout files, and phase shift mask and 

25 manufacturing integrated circuits according to the present invention. 

[0064] Fig. 24 illustrates a complex pattern of features, and phase shift regions for defining the 
features using a "full shift" technique according to the present invention, prior to cutting the phase 
shift regions into phase shift windows and assigning phase shift values to the phase shift windows. 
[0065] Fig. 25 illustrates the pattern of Fig. 24, after cutting the phase shift regions into phase 

30 shift windows and assigning phase shift values to the phase shift windows. 
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[0066] Fig. 26 is a simplified flow chart illustrating a process for defining a phase shift mask, 
manufacturing the mask and manufacturing integrated circuits according to present invention. 
[0067] Fig. 27 is a simplified flow chart illustrating an alterative process for defining a phase 
shift mask, manufacturing the mask and manufacturing integrated circuits according to present 
invention. 

[0068] Fig. 28 is a color printout of a simulation done under over-exposure conditions which 
tend to identify non-critical features in the pattern. 

[0069] Fig. 29 shows the pattern of Fig. 28 in which non-critical features in the pattern are 
marked. 

[0070] Fig. 30 is a color printout of a simulation done with under-exposure conditions which 
tend to identify critical field areas between features in the pattern of Fig. 28. 

II? [0071] Fig. 31 shows the pattern of Fig. 28 in which critical field areas are marked. 

w 

HI [0072] Fig. 32 illustrates the layout of phase shift regions for the pattern of Fig. 28. 

M 

i , ; [0073] Fig. 33 illustrates the pattern of Fig. 32 with non-critical features and critical field areas 

|5 identified. 

fU [0074] Fig. 34 illustrates cutting areas identified for critical features in the pattern of Fig. 32. 

Ill [0075] Fig. 35 illustrates cutting areas as modified for non-critical features in the pattern of Fig. 

M 32. 

Ill 

[0076] Fig. 36 illustrates cutting areas as modified to account for T-shaped features in the 
20 pattern of Fig. 32. 

[0077] Fig. 37 illustrates cutting areas as modified for outside corners and small spaces in the 
pattern of Fig. 32. 

[0078] Fig. 38 illustrates the cutting areas as modified for small shifters in the pattern of Fig. 32. 
[0079] Fig. 39 illustrates a representative layout of phase shift windows for the pattern of Fig. 
25 32. 

[0080] Fig. 40 illustrates a representative layout of a trim mask for use with the phase shift mask 
of Fig. 39. 

[0081] Fig. 41 illustrates a simulation of an exposure pattern using masks as shown in Fig. 39 
and Fig 40, without optical proximity correction. 
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[0082] Fig. 42 illustrates a representative layout of phase shift windows of Fig. 39, with optical 
proximity correction. 

[0083] Fig. 43 illustrates a simulation of an exposure pattern using a mask as shown in Fig. 32. 
[0084] Fig. 44 is a simplified flow chart of a process for identifying cutting areas, cutting the 
shift regions into phase shift windows in the cutting areas, and assigning phase shift values to the 
phase shift windows. 

[0085] Fig. 45 is a simplified diagram of data processing system according to one example of 
the present invention. 

DETAILED DESCRIPTION 
[0086] A detailed description of the present invention is provided with respect Figs. 1-45. Fig. 
1 shows an opaque field, alternating phase shift mask pattern including a first phase shift window 1 
and a second phase shift window 2. The phase shift window 1 and a phase shift window 2 will be 
^ used to define a portion of a target feature 10 (shown as a dotted outline). More specifically, in this 
§3 example, the target feature 10 corresponds to a single line transistor gate in a polysilicon level of an 
O integrated circuit, and the area being defined by the phase shift windows corresponds to the gate 
g region. The first phase shift window 1 includes a first side 3 and a second side 4 spaced away from 
^ the first side by a phase shift window width d2. Likewise, the second phase shift window 2 includes 

a first side 5 and a second side 6 spaced away from the first side by a phase shift window width d2. 
20 The phase shift window width d2 is preferably the same as the phase shift window width d2 of the 
first phase shift window 1 as shown here, but need not be for all embodiments. A region of phase 
transition between the first phase shift window 1 and the second phase shift window 2 is used for 
creating a pattern in a layer being manufactured. An opaque field overlies the region of phase 
transition along the respective first side 3 and first side 5 of the first and second phase shift windows 
25 1 and 2. The opaque field includes a control width dimension dl. 

[0087] Fig. 2 shows the trim shape 7 on a complementary mask pattern for the opaque field, 
alternating phase shift mask pattern of Fig. 1. The complementary mask pattern protects the gate 
area defined by the phase shift mask pattern and defined the remaining structures of the target 
feature 10. Of interest in this discussion is the larger rectangular portion of the trim shape 7 that 
30 overlays at least portions of the phase shift windows 1 and 2, and has a trim width dimension d3. In 
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typical embodiments, the trim width d3 will be less than the total width (d2+d2+dl) of the phase 
shift windows 1 and 2, and the control width of the opaque field in the region of phase transition. 
[0088] Fig. 3 shows an opaque field, alternating phase shift mask pattern like that of Fig. 1, used 
to form the target feature 10 shown in dotted lines, and to which opaque shapes 8 and 9 have been 
5 added respectively, to the first phase shift window 1 and the second phase shift window 2. The 
opaque features are preferably sub-resolution features. In other embodiments, the opaque features 
are at or above the resolution for the lithographic process. Each approach is appropriate for 
different embodiments of the invention, as will be described more fully below. As can be seen, the 
opaque features 8 and 9 have a feature width dimension d5 and a feature spacing dimension d4. In 
|g the embodi ment shown, the opaque shapes 8 and 9 are substantially parallel with the opaque field 
J; overlying the region of phase transition between the first phase shift window 1 and a second phase 
8] shift window 2, and divide the first and second phase shift windows into two distinct regions. 
|ff Alternate embodiments of the present invention have such opaque shapes 8 and 9 which are inside 
rj one or both of the first and second phase shift windows and do not contact the perimeters of the 
15 phase shift windows (see, Figs. 19A and 20A). 

0 

fl| [0089] Fig. 4 shows a complementary mask pattern for use with a phase shift mask pattern like 

o 

|jl that of Figs. 1 and 3. The complementary mask pattern includes a trim shape like that shown in Fig. 

y 2, to which clear shapes 14 and 15 have been added. The clear shapes 14 and 15 have feature width 

1*11 

dimension d7 and feature spacing dimension d6. In the embodiment shown, the clear shapes 14 and 
20 15 are substantially parallel with the opaque field overlying the region of phase transition in the 
corresponding phase shift mask pattern, and divide the rectangular portion of the trim feature that 
overlays the phase shift windows in the phase shift mask pattern. Alternate embodiments of the 
present invention have one or more of such clear features which are inside the trim feature and do 
not contact the parameters of the trim feature. In embodiments in which the corresponding phase 
25 shift mask pattern includes opaque shapes 8 and 9, which are at or above resolution, the clear shapes 
14 and 15 may also be at or above resolution and operate to expose any unwanted features caused by 
the opaque shapes 8 and 9. In another embodiment, the clear shapes are below, at, or above 
resolution and there are no shapes on the corresponding trim mask. 

[0090] According to embodiments of the present invention, proximity correction for a target 
30 pattern is accomplished by applying adjustments, including one or more of the following: 
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[0091] (1) adjusting said first phase shift window width d2 and said second phase shift window 
width d2, 

[0092] (2) adjusting said control width dl , 
[0093] (3) adjusting said trim width d3, 

[0094] (4) adding a sub-resolution opaque shape to one or both of the first and second phase 
shift windows (including selecting the dimensions d4 and d5), 

[0095] (5) adding clear shapes to the trim shape (including selecting the dimensions d6 and d7), 
and 

[0096] (6) adding one or more opaque shapes to one or both of the first and second phase shift 
windows and adding a clear shape or shapes to the trim, where 

(i) the opaque shapes in the phase shift windows are at or above resolution, and 
clear shapes in the trim shape are below resolution in one embodiment, and 
are at or above resolution in another embodiment, and 

(ii) the opaque shapes in the phase shift windows are below resolution, and clear 
15 shapes in the trim shape are below resolution in one embodiment, and are at 
|?| or above resolution in another embodiment. 

m [0097] Fig. 5 shows a binary mask for use in combination with an opaque field phase shift mask 

y as shown in Fig. 6. The binary mask of Fig. 5 includes an opaque feature within a clear field 20. 
The opaque feature includes a blocking region 21 which corresponds to the features, i.e. transistor 

20 gates in an active region of a device, formed using the phase shift structures of Fig. 6. Narrow lines 
22, 23 and 24 extend from the blocking region 21 to respective flag shaped elements 25, 26, 27. 
The narrow lines 22, 23, 24 in this example each extend through the blocking region 21, resulting in 
respective extension portions 28, 29, 30. The phase shift mask of Fig. 6 is formed within an opaque 
field 35, inside which zero degree phase shift windows 36, 37 and 180 degree phase shift windows 

25 3 8, 39 are formed. The phase shift windows result in the printing of fine lines on the transitions 
between zero degree phase shift window 36 and 180 degree phase shift window 38, between 180 
degree phase shift window 38 and zero degree phase shift window 37, and between zero degree 
phase shift window 37 and 180 degree phase shift window 39. These fine lines are coupled with the 
lines 22, 23, 24 in the binary mask of Fig. 5 for interconnection, while the blocking region 21 

30 prevents exposure of the fine lines during the exposure using the binary mask. 
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[0098] Fig. 7 shows the resulting fine lines 40, 41, 42 in the active region of the layout. The 
long narrow lines 22, 23, 24 interconnect the fine lines 40, 41, 42 with the flag shaped elements 25, 

26, 27. In Fig. 7, the regions 45 and 46 do not print, but are higher intensity regions which show 
dark as artifacts of black and white printing of the color image generated using a simulation 

5 program. 

[0099] Issues associated with this technique include the poor quality of the image of isolated 
lines, such as line 22, and of the narrow spaces, such as between the flag shaped elements 26 and 

27. Classical optical proximity correction techniques can be applied to improve dimensional control 
of these images, however such processes according to the prior art do not improve process latitude, 
making the structures difficult to manufacture. 

tf [0100] Figs. 8 and 9 show the binary mask and phase shift mask implemented according to the 

II! present invention, extending phase shifting techniques to the more complex circuit pattern beyond 

S3 ' 

i|j the transistor gates in the active region. The binary mask of Fig. 8 is formed in a clear field 50. It 

includes blocking features 51 and 52. The pattern elements which are common with Fig. 5 have like 
AS numbers, so the extensions 28, 29, 30 and the flag shaped elements 25, 26, 27 have the same 
5] reference numbers. A corresponding phase shift mask shown in Fig. 9 includes an opaque field 60. 

ljf The phase shifting windows have been extended along the entire lengths of the lines excluding the 

y 5 

CI extensions 28, 29, 30 in this example. In addition, phase shifting in the window 59 is used to assist 

IU 

the definition of the edges of the flag shaped elements 26 and 27 in the narrow space between them. 
20 Thus, zero degree phase shift windows 55 and 57 are formed, and 180 degree phase shift windows 
56 and 58 are formed. The phase shift windows 55, 56 and 57 extend to the lower edges 61, 62 of 
the flag shaped elements 26, 27. 

[0101] A simulation of image resulting from application of the masks of Figs. 8 and 9, is shown 
in Fig. 10, in which the regions 64, 65, 66 and 67 are nonprinting artifacts as mentioned above of 

25 the black and white printing of the color simulation image. The long lines corresponding to the 

lines 22, 23, 24 of Fig. 5 are printed entirely using phase shifting, so that quality, narrow dimension 
features 61, 62 and 63 result. The phase shifting assist feature between and on the edges of the flag 
shaped elements 26 and 27 results in better definition of the edges 68, 69 between the elements 26, 
27. Thus, Figs. 8-10 illustrate the application of phase shifting techniques to complex circuit pattern 

30 beyond the active regions of the device. 
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[0102] Figs. 1 1, 12 and 13 illustrate a technique used for layout of complex structures 
comprising an odd number of intersecting line segments using phase shift masking. Fig. 1 1 shows a 
binary mask in a clear field 70 comprising an opaque feature 71 corresponding to a first of 
intersecting line segments, an opaque feature 72 corresponding to a second of the intersecting line 
5 segments, and an opaque feature (region 73) corresponding to a third of the intersecting line 

segments. A corner cut-out region 74 is formed according to present technique is described further 
below. Fig. 12 shows a phase shift mask in an opaque field 80 for formation of the intersecting line 
segments, and for use in combination with the complementary mask of Fig. 11. The phase shift 
mask includes 180 degree phase shift window 81, 180 degree phase shift window 82, zero degree 
p phase shift window 83, and zero degree phase shift window 84. As can be seen, the 180 degree 
{S{ phase shift window 81 extends adjacent the line segments corresponding to the regions 71 and 72 

Jjj and around the corner between regions 71 and 72. Also, the zero degree phase shift window 84 

yj 

If! extends adjacent to line segments (region 72 and region 73) and through the "corner" formed by the 

M 

y 180 degree angle in the intersection of the two line segments. The phase shift windows 82 and 83 

"jL5 extend along the line segment 73 adjacent one side of the corner and along the other side 71 of the 

ft) corner, respectively and have opposite phases. An opaque feature is laid out in the corner between 

pi 

5 the two phase shift windows 82 and 83. The cut-out feature 74 in the binary mask of Fig. 1 1 tends 
}?? to expose the artifact which would be created by the phase transition in the corner between phase 
shift windows 82 and 83. 

20 [0103] Fig. 13 shows the simulation of the image printed using the phase shift mask of Fig. 12, 
with a binary mask of Fig. 11. The features 91, 92, 93 and 94 are nonprinting artifacts of the 
simulation program. The M T" shaped feature 95 results from the phase shift masking technique with 
corner cutting. As can be seen, the narrow lines are formed with relatively uniform thickness and 
straight sides. In the corner 96 which corresponds to the cut-out feature 74 of Fig. 1 1, the feature 95 

25 is slightly less sharp than in the other corners. The shape of the printed corner could be improved by 
applying some correction to the cut-out 74 and the phase shift windows 82 and 83. 
[0104] Figs. 14 and 15 illustrates the "corner cutting" technique as applied to a structure 
comprising five intersecting line segments. Thus, Fig. 14 shows a binary mask 100 including an 
opaque feature having blocking structure 101 corresponding to a first line segment, blocking 

30 structure 102 corresponding to a second line segment, blocking structure 103 corresponding to a 
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third line segment, blocking structure 104 corresponding to the fourth line segment, and blocking 
structure 105 corresponding to the fifth line segment. A corner cut-out feature 106 is formed 
between the blocking structures 101 and 105, e.g. between the line segments. 
[0105] Fig. 15 shows the phase shift mask for use in combination with the binary mask of Fig. 
14. The phase shift mask of Fig. 15 is formed in an opaque field 110. 180 degree phase shift 
windows 1 11, 112 and 113 are laid out in an alternating fashion as shown Fig. 15. Zero degree 
phase shift windows 1 14, 1 15 and 1 16 are laid out in a complementary fashion to define the five 
intersecting line segments. An opaque feature is formed between the phase shift windows 1 14 and 
113. The artifact which would be created by the phase transition between the phase shift windows 
113 and 1 14 is exposed by the cut-out 106 in the binary mask of Fig. 14. In addition, the shape of 
the opaque feature in the phase shift mask between the phase shift windows 113 and 1 14 can be 
111 modified and the shape of the cut-out 106 can also be optimized using optical proximity correction 
techniques to improve that resulting image. 

[0106] A structure and a process for controlling phase mismatches on inside corners of complex 
s 15 structures is provided. Inside corner cut-outs are formed on the binary masks to block artifacts of 
fl| phase transition in the corner, and phase shift windows are adjusted by dividing them into first and 
12! second phase shift windows of opposite phase, and reshaping them on inside corners to 

accommodate and optimize the effects of the inside corner extensions. The corners at which the 
extensions are applied can be simply decided by applying them to all inside corners, when shapes of 
20 the corners are not critical. Alternatively, the corner extensions can be applied only in one corner of 
a structure having an odd number of intersecting segments. The corner is picked, for example, by 
selecting an inside corner having the greatest distance from an active area on the device, or an inside 
corner having a largest angle less than 180 degrees. 

[0107] The selection of corners for the phase mismatch extensions may affect the assignment of 
25 zero and 1 80 degree phase shift regions. Thus it may be desirable to select the corners for inside 
corner extensions prior to "coloring" the layout with phase assignments. A first approach to 
avoiding the corner conflicts is simply to select the phase shift areas in a manner that does not cause 
a conflict. Of course this is not always possible. Next, the conflicts can be left in regions on the 
chip where the design rules will tolerate the artifacts caused by the phase mismatch. In one example 
30 process, the corner extensions are applied on all inside corners, then the layout is colored to 
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assigned phases, and then corners are rebuilt with optimized shapes. Alternatively, simplified phase 
assignment can be utilized when all corners are provided with phase mismatch extensions. 
[0108] Figs. 16 and 17 illustrate problems encountered in the layout of a so-called double "T" 
structure. In Fig. 16, a phase shift mask in an opaque field 120 is shown for forming a double "T" 
5 structure having vertical line segments 121 and 122 intersecting with horizontal line segment 123. 
Vertical line segments 121 and 122 are close together, so a single phase shift window 123 is formed 
between them. In this case, phase shift window 150 is a zero degree phase shift region. Phase shift 
window 124 beneath the line segment 123 is also a zero degrees phase shift window creating a 
phase conflict in the region 129 between the vertical line segments 121 and 122. 180 degree phase 

10 shift windows 125, 126, 127 and 128 are formed along the line segments in the corners as shown. 

O The shapes of windows 125, 126, 127, 128 have not been optimized in the corner in this example. 

S The phase shift windows do not extend to all the way to the intersection of the line segments in this 
example. The phase mismatch in the region 129 can result in an aberration image such that the 

M quality of the line segments in that region is reduced. The assumption is that the distance between 

Ts 121 and 122 is small enough that the printing of the region 129 will not be critical. 

M [0109] Fig. 17 illustrates a double "T" structure with vertical line segments 131 and 132 formed 

O in an opaque field 130. In this case, separate phase shift windows 133 and 134 are formed between 

f\ the vertical line segments 121 and 122. A 180 degree phase shift window 135 is formed between 

St J 

s ^ them along the horizontal line segment 136. This resolves the phase mismatch which would have 

20 occurred v/ith the zero degrees shift window 137 according to the structure of Fig. 16, and allows 
for higher quality printing of the images. In this case, the corner cutting technique utilizes simple 
square shape opaque features in the corners, rather than the diagonal shape shown in Figs. 12 and 
15. The square shape of Figs. 16 and 17 may be simpler to implement using a layout program in a 
processor with more limited power. 

25 [0110] Fig. 18 provides a close-up of a portion of the layout 140 of a phase shift mask in an 
opaque field for a layer of an integrated circuit structure. As can be seen, a comb shaped structure 
141 is formed with zero degree phase shift windows (hatched, e.g. window 142) generally on the 
upper and left and 180 degree windows (clear, e.g. region 143) generally on the lower and right. All 
inside comers are blocked with square opaque features (e.g. feature 144) in this example to 

30 minimize phase conflicts. 
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[0111] The generation of phase shift masks for a complex structure is a nontrivial processing 
problem. Automatic assignment of phase shift windows, and addition of optical proximity 
correction features and corner features for preventing phase shift mismatches as described above are 
provided in this example to facilitate processing. Three stages in the generation of phase shift mask 
5 layouts according to the process which is implemented using a design rule checking programming 
language (e.g. Vampire (TM) Design Rule Checker provided by Cadence Design Systems, Inc.) as 
follows: 



Definition of the input layers: 



U LI 3 = layer (13 type(0)) 

o 

||i LI 3 is the original poly layer 



K* L12 = layer (11 type(0)) 

fs L12 is the original poly layer shifted in the x and y direction by 0.02 micron 



O Generation of the output layers: 

ffi 

m L2 = geomSize(L13 -0.01 edges) 

20 size L13 by -0.01 only edges (inner corners are not moved) 

L2_l = geomAndNot (L13 L2 ) 

L2_2 = geomSize (L2_l 0.01) 

L3 = geomAndNot (L2_2 L13) 

marker: 0.01 by 0.01 square in inner corners of L13 

25 

L4 = geomSize (L13 0.01) 
L5 = geomSize (L13 0.01 edges) 
size LI 3 by 0.01 only edges (outer corners are not moved) 
L5_l = geomAndNot (L4 L5) 
30 L6 = geomAndNot (L5_l L13) 

marker: 0.01 by 0.01 square at the tips of outer corners 
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L6_l = geomSize(L6 0.14} 

L6_2 - geomSize (L13 0.15 edges) 

L6_3 = geomAndNot (L6_l L6_2) 
5 L6_4 = geomSize (L6_3 0.14) 

L6_5 = geomSize (L6_4 -0.14) 

merges any 0.28 and below gaps 

L6_6 = geomSize (L6_5 -0.02) 

L6__7 = geomSize (L6_6 0.02) 
JO removes any 0.04 and below geometries 
Q L7 = geomAndNot (L6__7 L13) 

m L7 = layer to be removed from phase layer to cut the outer corners 

m 

m 

M L3_l = geomSize (L3 0.15) 
W L8 = geomAndNot (L3_l L13) 

O L8 = layer to be removed from phase layer to cut the inner corners 
M) L8_l = geomOr(L7 L8) 

|t| add together the layers to be removed from the phase layer 
20 L8_2 = geomSize (L13 -0.1) 

L8_3 = geomSize (L8_2 0.1) 

removes any 0.2 micron and below geometries 

L8__4 = geomAndNot (LI 3 L»8_3) 

LI 3 without geometries larger than 0.2 micron 
25 L9 = geomSize (L8_4 0.15) 

L9_l = geomAndNot (L9 L8_l) 

L9_2 = geomAndNot (L9_l L13) 

L9_3 = geomSize (L9_2 -0.03) 

L10 = geomSize (L9_3 0.03) 
30 -0.03 / 0.03 to remove any geometry below 0.06 micron 

L10 = phase shifter layer (no coloring performed) 
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Lll = geomOverlap(LlO L12) 
0 degree phase-shift layer 
L14 = geomAndNot (L10 Lll) 
1 80 degree phase-shift layer 

5 

[0112] A design rule checker can be utilized to identify all exposed features (i.e. lines) and 
unexposed features (i.e. spaces between lines) of an input layout that have a size less than a 
minimum feature dimension. Features subject of the minimum feature dimension may constitute 
structures or spaces between structures. Different minimum feature dimensions are applied to lines 
.10 and to spaces in one embodiment. Thus, minimum feature structures can be identified by 
CI subtracting slightly more than 2 of a minimum feature dimension for lines from the original size of 
an input structure. This results in eliminating all structures which have a dimension less than the 
minimum dimension. The remaining structures can then be reconstituted by adding slightly more 
than 2 of the minimum dimension back. Minimum dimension structures can then be identified by 

I . i 

$15 taking the original input structure and subtracting all structures which result from the reconstitution 
step. This process can be characterized as performing a size down operation to eliminate small 
dimension features followed by a size up operation on remaining edges to produce a calculated 
3 layout. The small dimension features are then identified performing an "AND NOT" operation 

between the original layout AND NOT and the calculated layout. 
20 [0113] Narrow spaces can be identified by an opposite process. In particular, slightly more than 
2 of the minimum feature dimension for spaces is added to the original size of the structure. This 
added length or width causes structures that are close together to overlap and merge. Next, the 
remaining structures are reconstituted by subtracting slightly more than 2 of the minimum feature 
dimension from the sides of structures remaining. Narrow regions are identified by taking the 
25 reconstituted remaining structures and subtracting all original structures. Thus, a process can be 
characterized as performing a size up operation to eliminate small dimension spaces, followed by a 
size down operation on the remaining edges to produce a calculated layout. The small dimension 
spaces are then identified by performing an "AND NOT" operation between the calculated layout 
and the original layout. 
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[0114] The next step in the procedure for automatic generation of phase shift mask layouts 
involves identifying all corners in the structure. Inside corners and outside corners are identified. 
Outside corners are blocked to define ends of phase shift regions. Inside corners may result in a 
phase mismatches discussed above. Inside corners are blocked, and thus provided with an extension 
of the opaque region, such as a square extension, and a shortening of the phase shift regions so that 
they do not extend all the way to the inside corner. This square extension is applied in all inside 
corners, whether a phase mismatch is found or not. Alternatively, the extension is applied only 
where phase mismatches occur. 

[0115] Phase shift regions are formed in a simple case, by copying the input structures in the 
minimum dimension features, and shifting up and to the left for 180 degree (or zero degree) shifters, 
and down and to the right for zero degree (or 180 degree) shifters. The blocking regions formed for 
the outside corners cut the shifted regions at the ends of the input structures, and the blocking 
structures formed on the inside corners cut the shifted regions at the inside corners of the structure 
to provide well formed phase shift mask definitions. The phase "coloring" can be applied to the 
resulting phase shift regions in other ways, including manually, so that the zero and 180 degree 
regions are properly laid out. 

[0116] The limitation of this simple technique is that the shifts in the X and Y directions need to 

be carefully chosen if there is any polygon at an angle different from 0 to 90°. 

[0117] All inside corners are blocked in the example shown in Fig. 18. However, in a preferred 

system, inside corners for which no phase conflict is encountered would be filled with a phase shift 

region. 

[0118] In another embodiment, the inside corner extensions which block phase mismatches, are 
not applied on inside corners adjacent active regions of devices that are near the corners, if a choice 
is possible. For structures having an odd number of segments intersecting, the location of the phase 
mismatch, and application of the corner extension, can be chosen at the angle farthest from the 
active regions in the device, or at the largest angle. 

[0119] Once the inside corner extensions are identified, the extensions can be optimally shaped 
to improve the resulting exposure pattern, such as by changing the squares to diagonally shaped 
regions shown in Figs. 12 and 15. Other principles of optical proximity correction can be applied to 
enhance the shapes of the inside corner extensions. Likewise, the phase shift regions can be shaped 
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adjacent the inside comers to enhance performance. In one example system transitions may be 
enhanced between the phase shift regions by placing a 90 degree phase shift region between 
conflicting zero and 180 degree phase shift regions. 

[0120] Figs. 19A and 19B illustrate a prior art technique for laying out an array of dense shapes, 
5 such as a capacitor plate array in the layout of a dynamic random access memory device. A phase 
shift mask as shown in Fig. 19A is used to form the array. The phase shift mask includes a column 
200 of alternating phase transparent areas within an opaque field 201. Likewise adjacent columns 
alternate in phase in a complementary manner as shown. This results in the printing of lines on 
transitions between the alternating phase shift areas and exposing regions inside the phase shift 
10 regions. Fig. 19B illustrates the simulation of the exposure pattern. As can be seen, a dense array of 
oval patterns is caused by the layout of Fig. 19 A. For a denser array, it is desirable to make the 

o 

yl exposed patterns more rectangular in shape, 

jsp [0121] Fig. 20A illustrates an adjustment to the phase shift layout according to the present 

H invention to make the exposed patterns more rectangular. According to this technique, the phase 

1.5 I 

al5 shift regions have been adjusted so that they consist of a first phase shift area 215 and a second 
phase shift area 216 having the same phase with an opaque sub-resolution feature 217 in between. 
Likewise, all of the phase shift windows have been split into two phase shift windows as shown 
with sub-resolution features in between. Note that the assist feature which divides the phase shift 
region is not necessarily smaller than the phase shift region. Lines are printed at the phase 
20 transitions, and the sub-resolution features between the like-phase regions do not print. The 

resulting pattern is shown in Fig. 20B, where the exposure shows features having much straighter 
sides and covering much greater area than those of Fig. 19B. In the simulation plot of Fig. 20B, the 
dark outlines, such as line 21 1 within the column 210 of exposed areas, illustrate the final contour 
of the exposed region. Thus, a technique for improving the images which result from use of phase 
25 shift areas involves adjusting a phase shift area having a particular phase into a first phase shift area 
and a second phase shift area having the same particular phase and adding a sub-resolution feature 
in between. 

[0122] Figs. 21 and 22 illustrate the use of sub-resolution features within the phase shift regions 
according to another technique of the present invention. In Fig. 21, an opaque field 250 is shown 
30 with a first phase shift region 251 and a second phase shift region 252 having an opposite phase. 
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Sub-resolution assist features 253 and 254 are formed within the phase shift region 251. Sub- 
resolution assist features 255 and 256 are formed within the phase shift region 252. As can be seen, 
the phase shift regions 251 and 252 have respective perimeters. The sub-resolution assist features 
253, 254, 255, 256 are inside of the phase shift regions and do not contact the perimeters in this 
5 example. 

[0123] Fig. 22 shows simulation of the exposure patterns resulting from the phase shift mask of 
Fig. 21. In the top, images 260 and 261 are shown which correspond to the use of the phase shift 
mask of Fig. 21. Images 262 and 263 correspond to the use of the phase shift mask of Fig. 21 
without the sub-resolution assist features 253-256. As can be seen, with the sub-resolution assist 
Irt features 253-256, the lines are much straighter and the exposure patterns are much more uniform. 
Q According to one technique, the sub-resolution features are placed within the phase shift regions by 
first simulating the exposure patterns without the sub-resolution assist features. Hot spots, such as 
hot spot 264 in the simulation image 263 or other anomalies, are identified. Sub-resolution features 
Ly are then placed over the anomalies. Thus, sub-resolution feature 255 corresponds to the hot spot 
M 264. 

W [0124] The techniques for improving phase shift masking for complex layouts outlined above 

p 

Oft are combined into a process for producing phase shift layout data and manufacturing phase shift 

7\ masks for complex layouts, as shown in Fig. 23 . The process is also extended to the manufacturing 
of integrated circuits with improved structures. Thus, according to the present invention, the 

20 manufacturing process involves reading a layout file which defines a complex layer of an integrated 
circuit (step 300). For example, in one embodiment the layer comprises polysilicon or another 
conductive material used as transition gates and interconnect structures. Next, features to be left 
unexposed by the mask are identified which have a dimension less than a first particular value (step 
301). Then, features to be exposed and having a dimension less the second particular value are 

25 identified (step 302). The first and second particular values may be the same value or different, as 
suits the particular implementation. 

[0125] Next, the process involves laying out phase shift regions for the identified features 
according to a design rule (step 303). One example design rule involves laying out phase shift 
regions having a zero degree phase (or 180 degree phase) to the upper left, and a phase shift regions 
30 having the opposite phase, such as 180 degree phase (or zero degree phase) to lower right. This 
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simple phase shift layout rule results in phase conflicts, where adjacent phase shift regions have the 
same phase so phase transitions do not occur. Any other phase assignment technique can be used. 
The phase conflicts are identified in a next step (step 304). Adjustments are applied to the phase 
shift regions based on identified phase conflicts (step 305). For example, the corner cutting 
5 technique described with respect to Figs. 1 1-15 is applied. In a next step, the exposure pattern is 
simulated and assist features are added to the phase shift regions based on the simulation (step 306). 
Rather than using simulation for placement of sub-resolution assist features, the locations of the 
subresolution features can be determined based on design rules. For example, one design rule is to 
place a 0.1 pm square assist feature, 0.2 jam away from the edge of the phase shift region. Thus, 
pup phase shift regions may be adjusted using sub-resolution assist features within the perimeter of the 
5j phase shift region, or by dividing the phase shift region as described with reference to Figs. 20 A and 
^ 21. 

tfj [0126] A complementary trim mask is then laid out, including the corner cut-outs as necessary 
j a i for intersecting line segments and the like (step 307). In a next step, other optical proximity 

!l5 correction techniques are applied (in this stage of the process, or after the complementary trim mask 

O 

fU layout is provided) and the phase shift mask layout is completed (step 308). In a preferred 

o 

pfj embodiment, proximity correction techniques as described above with respect to Figs. 1-4, are 
y applied to the phase shift mask layout and the complementary trim mask layout, using one of rule 

based and model based correction approaches. In addition, serifs can be added to corners, line sizes 
20 can be adjusted, hammerheads can be added, phase shift areas can be sized, and assist opaque bars 

may be added to phase shift areas, using proximity correction modeling and/or rule based 

techniques. 

[0127] With the completed phase shift and complementary mask layouts, the masks are printed 
using techniques known in the art (step 309). See, United States Patent Nos. 6,096,458; 6,057,063; 
25 5,246,800; 5,472,814; and 5,702,847, which provide background material for phase shift mask 
manufacturing. Finally, integrated circuits are manufactured using the resulting phase shift masks 
(step 310). 

[0128] Overall, the embodiments described provide a solution for applying phase shift masks 
extensively in integrated circuit layouts. This provides for shrinking entire layouts or significant 
30 portions of layouts. The process involves first identifying features using a computer program to 
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define any features that have a dimension which is smaller than a specified minimum dimension. 
Also, the process is applied to identify spaces between features which are smaller than a minimum 
dimension. The minimum dimension for spacing may be different than the minimum dimension for 
structures. After detection of features smaller than a minimum dimension, phase shift regions are 
5 assigned. Non-printing phase shift regions can be used for providing greater contrast in narrow 
isolated spaces. Inside corner extensions to block phase conflicts are added where necessary. 
Complementary trim masks are generated using established techniques. Finally, one or both of 
proximity correction modeling, or proximity correction rules, are used to optimize the shapes being 
implemented. 

z 10 [0129] Embodiments of the invention also provides techniques for applying phase shifting to 

Q specific shapes, such as "T" shapes, "Y" shapes, "U" shapes and "double T" shapes. 

£3 

gp [0130] Further aspects of the layout of complex patterns using phase shift masking can be 

Jt; understood with reference to Figs. 24 and 25. In Fig. 24, a pattern that includes a plurality of 

y \ 

H features in the three opaque regions 401, 402 and 403 is shown. For a "full shift" implementation of 

A5 a mask for creating the pattern, phase shift regions 405 are laid out by forming boundaries of the 

j?{ phase shift regions parallel with the sides of the opaque regions 401, 402, 403 with the exception of 

t y 

O the ends of narrow lines, such as the line end 404. The problem solved by the present invention is to 
Q create phase shift windows in the phase shift regions for an alternating phase shift mask to 

implement the three opaque regions 401, 402, 403. Thus, one must decide where to cut the phase 
20 shift regions 405 to form the phase shift windows, without creating phase conflicts, with as few cuts 

as practical. 

[0131] According to the present invention, non-critical features in the pattern are identified first. 
Such features in this example include T-shaped features such as the feature A, elbow shaped 
features such as the feature B, and large polygons such as the features C, D, and E. Also, field areas 
25 outside the phase shift regions are identified. Potential cutting areas are determined based on these 
characteristics of the pattern, so that the phase shift region should be cut along lines between non- 
critical features, or along lines between a non-critical feature, and a field area that is outside the 
phase shift region. Furthermore, the phase shift regions should not be cut along lines which 
intersect narrow fields, having lesser process latitude, as explained in more detail below. 
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[0132] Fig, 25 shows one example layout of the phase shift windows for the pattern of Fig. 24, 
where the phase shift region is cut along a line 405 from the non-critical feature A to the field, 
along a line 406 from the non-critical feature C to the field, along a line 407 from the non-critical 
feature D to the field, along a line 408 from the non-critical feature E to the field, and along a line 
5 409 from the non-critical feature E to the field. As a result, phase shift windows 410, 41 1, 412 are 
created and assigned a phase value of 2, and phase shift windows 413, 414 and 415 are created and 
assigned a phase shift value of N, where N is equal to approximately 2 + 180 degrees, so that 
desired destructive interference occurs for definition of the desired pattern. In the context of an 
alternating phase shift mask, it is preferred that N be close to 180 degrees plus 2, such as within plus 
Wo or minus ] 0 degrees. Other phase shifting techniques may apply other combinations of phase 
values, or require stepped phase values so that more than two phase values are used. 
[0133] The problem of selecting the locations of the cuts to create the phase shift windows is 
*M extremely complex, because the large numbers options for locating the cuts. The identification of a 
yj bound number of cutting areas based on features of the pattern, as taught by the present invention 
lip significantly simplifies this problem. 

[0134] Figs. 26 and 27 illustrate alternative approaches to the phase shift window cutting and 
phase value assignment solution of the present invention. As shown in Fig. 26, the process begins 
fjjj by reading a layout file defining a complex layer of an integrated circuit, or other work piece (block 

420). A software algorithm is applied to identify "non-critical" opaque features, which are 
20 characterized by greater process latitude (block 421). Also in the step represented by block 421, 
"critical" fields are identified which are characterized by lesser process latitude. Next, phase shift 
regions are laid out around the pattern, which are to be cut into phase shift windows (block 422). 
Cutting areas are identified based upon the features of the pattern, and the phase shift regions are cut 
on lines between "non-critical" features, or between a non-critical feature and a field, including 
25 fields near line ends, without intersecting so-called "critical" field regions (blocks 423 and 424). A 
complementary trim mask is defined as known in the art, which for an opaque background phase 
shift mask, trims line ends and unwanted artifacts created by the transitions between phase shift 
windows that are not part of the pattern to be formed on the layer, and optionally defines other 
features in the layer (block 425). After the phase shift windows and trim layout are defined, optical 
30 proximity correction techniques are applied to complete a phase shift mask layout (block 426). The 
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phase shift masks are printed (block 427), and integrated circuits are manufactured using the masks 
to complete the manufacturing process (block 428). 

[0135] Fig. 27 illustrates an alternate flow for the process. The flow of Fig. 27 likewise begins 
by reading a layout file defining a complex layer of an integrated circuit, or other work piece (block 
5 430). A software algorithm is applied to identify "non-critical" features, which are characterized by 
greater process latitude (block 431). Also in the step represented by block 431, "critical" fields 
identified which are characterized by lesser process latitude. Next, preliminary phase shift windows 
are laid out adjacent features that have lesser process latitude than the "non-critical" features, with 
cuts in cutting areas (block 432). Next, phase shift values are assigned, and the preliminary phase 

isyo shift windows are merged to form final phase shift windows, by eliminating some cuts (block 433). 

S Thus, rather than beginning with a unified phase shift region as shown in Fig. 24, a plurality of 

small preliminary phase shift windows is used for the starting position for this process flow. Using 

HI either flow, cutting areas are defined and final cuts are selected in cooperation with the process of 

I i assigning phase shift values to the resulting phase shift windows. A complementary trim mask is 

jL5 defined as known in the art (block 434). Proximity correction techniques are applied to complete a 

U 

flJ phase shift mask and trim mask layout (block 435). The phase shift masks are printed (block 436). 

S Integrated circuits are manufactured using the masks to complete the manufacturing process (block 

9 437). 

ru 

[0136] The "non-critical" features of the pattern can be understood with reference to Fig. 28, 
20 which is a printout of a simulation formed using over exposure conditions. The features of the 

pattern which remain unexposed according to the simulation are identified by contour lines (e.g. line 
440) around darker regions in the printout. These unexposed features correlate with the "non- 
critical" opaque features which are used for the purposes of the present invention to identify cutting 
areas for the phase shift windows in the layout problem. For example, non-critical areas can be 
25 areas that are left over after an over exposure of about 20 percent from a nominal dose and de-focus 
at the edge of the focus latitude window for example of about 0.3 micron. The simulation process 
can also be used to determine parameters that can be used with a design rule checker of layout tool 
to identify the "non-critical" features using a software algorithm analyzing the machine readable 
layout. The parameters used by such tools can also be determined by trial and error, or by simply 
30 applying knowledge of persons skilled in the art. 
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[0137] It can be seen that non-critical features comprise large polygons, any elbow or "T," and 
fields that are opaque in an opaque background phase shift layout, since such opaque fields will be 
removed during the exposure with the trim mask. Preferential cuts are made between the non- 
critical areas and fields near line ends, since line ends are already cut using the second level 
5 exposure, and according to other "cost function" criteria as described below. 

[0138] Fig. 29 shows the layout of the pattern simulated in Fig. 28, with the non-critical features 
identified by diagonal hatching. The contour line 440 of Fig. 28, corresponds to the feature 441 of 
Fig. 29. 

[0139] The definition of a critical field area can be understood with reference to Fig. 30, which 
« 10 shows a printout of a simulation of extreme under exposure conditions. Certain tight space areas 
O (e.g. area 443) tend to bridge due to the under exposure between features in the pattern. Such tight 
yfl space areas can be seen where the patterns are bridging in Fig. 30. For example, critical field areas 

m 

! jjj can be areas bridging after an under exposure by 20 percent from a nominal dose, and the focus at 

5 :• 

the edge of the focus latitude of for example 0.3 micron. The critical field areas can also be flagged 

m 

*15 using a set of rules used in a design rule checker or layout tool for example, with the parameters 

fy . determined by the simulation process, by trial and error, or by applying knowledge of persons 

y skilled in the art. The phase shift regions should not be cut to form phase shift windows through 

O critical field areas. 

SiJ 

[0140] Fig. 3 1 illustrates the pattern simulated in Fig. 30, with the critical space areas identified 
20 in by cross-hatching. The area 443 of Fig. 30 corresponds to the area 444 in Fig. 31. 

[0141] The process of identifying cutting areas for the pattern shown Figs. 28-31 can be 
understood with reference to Figs. 32-38. In Fig. 32, phase shift regions 445 are defined 
surrounding the pattern shown in black, by extending lines parallel to the sides of the opaque 
features in the pattern and spaced away by a selected amount. Characteristics of the pattern that are 
25 to be applied in the defining of cutting areas can be seen in Fig. 33, in which the phase shift regions, 
the critical field areas shown in diagonal hatching, and the non-critical features of the pattern shown 
in cross-hatching are combined. 

[0142] Fig. 34 shows a first step in the process of identifying cutting areas according to one 
process flow. In this step, portions of phase shift regions (e.g. portion 446) shown in square dot 
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hatching which are to be protected from cutting in order to define the critical dimension features of 
the pattern are shown. 

[0143] In Fig. 35, portions of the phase shift regions to be protected are extended by allowing 
phase shift windows adjacent to the non-critical features as well as the critical features. Thus, it can 
5 be seen that adjacent the large rectangle 450, a phase shift region 451 is protected from cutting. 
Other similar portions of the phase shift regions are protected from cutting as can be seen by a 
comparison of Figs. 34 and 35. 

[0144] In Fig. 36, the shapes of the cutting areas shown in square dot hatching are adjusted to 
account for T-shaped features. Thus, near the T-shaped feature 452, the shape of the cutting area 
10 453 has been adjusted. Similar adjustments to the shapes of cutting areas have been made near 
p other T-shaped features. 

m [0145] In Fig. 37, further adjustments to the shapes of the cutting areas are made to clean up 

outside corner features, such as the outside corner features 454, where the cutting region is reduced 

U! 

M in area as shown at region 455, in order to fill in the potential sides of the patient window. Also, 
Jl5 small spaces in the field of the phase shifter layer are cleaned out. Thus, the small opaque field area 
456 of Fig. 36 is eliminated in the layout of Fig. 37, by extension of the phase shift region to cover 

5 3J 

hJ It. 

q [0146] In Fig. 38, the final layout of the cutting areas is shown, including isolated small shifter 
1 ^ extensions. Thus, the small area 457 of Fig. 37 which is protected from cutting, is increased in size 
20 to establish region 458 as shown in Fig. 38. Similar adjustments are made to other small shifter 
regions. Adjustments are made only if the phase shift window is sufficiently isolated from other 
phase shift windows, so that merger of windows is avoided while the number of possible cuts is 
reduced. 

[0147] Given a bounded number of identified cutting areas shown in yellow within the adjusted 
25 phase shift region in the layout of Fig. 38, a process of selecting cuts and assigning phase values to 
form phase shift windows is initiated according to present invention. One example layout is shown 
in Fig. 39, where zero degree phase shift regions (e.g. region 445) are identified by irregular square 
dot hatching, 180 degree phase shift regions (e.g. region 446) are identified by diagonal cross- 
hatching, and the pattern is identified by generally black filler. Opaque background areas are left 
30 white in this diagram. 
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[0148] Fig. 40 is a diagram of a binary trim mask for use with the phase shift mask of Fig. 39. 
The trim mask can be produced by initially OR'ing the phase layers and the poly layer with one 
another. Then, sizing down by minus 0.02jum (for 248 nm process) and then OR'ing that sized 
down layer with the original field poly. The resulting trim mask is smaller than phase regions, but 
5 sufficiently sized to protect against misalignment. Other embodiments of trim masks are made 
using attenuated binary masking, or other types of masks. 

[0149] Fig. 41 is a print out of a simulation of the exposure created using the mask layouts 

shown in Figs. 39 and 40. As can be seen, the desired pattern is substantially formed. 

[0150] Fig. 42 shows a modification of the phase shift windows of Fig. 39 after application of 
.10 optical proximity correction techniques known in the art. Thus, the modified zero degree phase 
0 shift windows are identified with irregular square dot hatching, and the modified 180 degree phase 
S shift windows are identified with diagonal cross-hatching. The simulation of the pattern exposed 
fi using the mask of Fig. 42 is shown in Fig. 43. Fig. 43 also shows a trace of the original pattern 

defined in the layout file. As can be seen, the exposure matches the original layout quite well. 

W 

*15 [0151] The resulting layer in an integrated circuit according to the present invention is 

if! characterized by a dense pattern of small features formed using alternate phase shift masking. For a 

Jg given wavelength of exposing radiation, the density is improved significantly by applying these 

13 techniques. 

11! 

[0152] Representative prototypes of computer programs implemented using a design rule 
20 checker DRC, such as Cadence DRC tools (Assura or Vampire) available from Cadence Design 
Systems, San Jose, CA, or a layout tool such as the Cadabra tool (abraCAD) available from 
Cadabra, a Numerical Technologies, Inc. company, San Jose, CA, which perform the process of 
defining the shapes and positions of phase shift window according to the present invention operate 
as explained below. 

25 [0153] The basic process flow for either prototype includes the following: 

[0154] 1 . Create the phase layer with no cut. The shifter layer that defines phase shift regions is 
created by sizing the original layout by a given width (shifter width). Only the line-ends are not 
sized. 

[0155] 2. Identify the non-critical regions of the layout. For both tools, a similar methodology 
30 is used. For example using Assura, we define: 
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Ll = original poly layer definition, including the pattern to be 
processed. 

L2 = non-critical regions of the original poly layer. 

L2_l = geomSize(Ll -0.06 edges) ;; create a layer L2_l from the 

original edge location to 
; ; an edge location moved by 
0.06 micron inside the polygons, 
; ; so that widths smaller than 
0.12 micron disappear. 

L2_2 = geomAndNot (Ll L2_l) ;; subtract L2_JL from Ll . 

L2 = geomSize(L2_2 0.06) ;; size L2_2 by 0.06 micron, 

this layer contains all the 
large 

; ; features from Ll as well as 
the "Ts" and elbows. 

[0156] 3. Identify critical space regions. 

Ll = original poly layer definition. 

L3 = critical space region of the original poly layer. 

L3_l = geomSize(Ll 0.1 edges) ;; creates a layer L3_l from the 

original edge location to 
;; an edge location moved by 0 . 1 
micron outside the 
;; polygons (all spaces below 
0.2 micron will be merged) . 

L3_2 = geomSize(L3_l -0.05) ;; sizes down L3_l by 0.05 

micron, only bridged areas 
remain. 

L3 = geomSize(L3_2 0.05) ; /brings bridged areas back to 

normal size. 

[0157] 4. Create phase-shifting regions protected from cutting, as shown in Figs. 34-38. 
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[0158] 5. Create possible cut regions: the difference between the phase-layer with no cut (stepl 
- See Fig. 32) and the phase-shifting regions (step 4 - See Fig. 38) represents the areas where the 
cuts are allowed. 

[0159] 6. Assign phase values (for example 0 or 180 degrees) and decide which cut should be 
5 used: the decision on phase value assignment and on choice of cut is made using the following 
criteria: 

[0160] a) try to avoid the creation of small phase-shift windows that are difficult to 

manufacture on the mask and that do not provide sufficient process latitude. 
[0161] b) try to keep the number of cuts to a minimum and keep the cuts with the maximum 

process latitude. For example, cuts originating from an outside opaque (chrome) corner tend to 

2 have a better process latitude than cuts originating from an inside opaque corner. Long cuts from an 

En original opaque feature to an original opaque feature tend have more process latitude than short cuts. 

Ifi Cuts from an original opaque feature to a field area tend to have more process latitude than cuts 

{TJ from an original opaque feature to an original opaque feature. 

115 [0162] c) The selection rules are used to create a cost function, according to known 

III techniques that is minimized during the process of assigning phases and choosing cuts. 

m [0163] Fig. 44 is a simplified flow diagram for the process of laying out phase shift windows 

according to one embodiment of the present invention. The process begins with reading out a layout 

III 

file defining a complex layer including a pattern to be implemented (block 510). Features of the 
20 pattern having a width smaller than a parameter W are removed (block 511). T-shaped and elbow- 
shaped features are added back (Block 512). The resulting image is saved as an image of "non- 
critical" features (block 513). Next, features are identified that are separated by a field less than a 
parameter X across (block 514). "Critical" bridge areas are defined as the fields between such 
features (block 515). Phase shift regions are created around the pattern, from which phase shift 
25 windows will be created (block 516). Possible cut regions are identified based upon the features of 
the pattern outlined above, and ranked by cost function (block 570). Phase values are assigned to 
regions and decisions are made as to which cuts to use while minimizing the cost function, to create 
the final layout of phase shift windows (block 518). The layout is saved in a computer readable 
medium (block 519). 
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[0164] The generation of phase shift masks for a complex structure is a non-trivial processing 
problem. Fig. 45 illustrates a data processing system for such task, representative of a wide variety 
of computer systems and computer architectures suitable for this application. Machine 550 in Fig. 
45 includes processor 552 connected for receiving data indicating user signals from user input 
5 circuitry 554 and for providing data defining images to display 556. Processor 552 is also 
connected for accessing mask and layer layout data 558, which define a mask layout under 
construction and a layout for a layer of material to be exposed using the mask. Processor 552 is also 
connected for receiving instruction data 560 indicating instructions through instruction input 
circuitry 562, which can illustratively provide instructions received from connections to memory 
t 10 564, storage medium access device 566, or network 568. 

O [0165] In executing the commands indicated by instruction data 560, processor 552 uses layout 
Ifi data 558 to provide data defining a layout for a mask, and optionally an image of the mask layout to 
JJs display 556 to cause it to present a representation of the layout. 

f ; [0166] In executing the instructions indicated by instruction data 560, processor 552 also 
15 receives user signal data from user input device 554, as necessary for control of, or interaction with, 
the process. 

[0167] As noted above, Fig. 45 illustrates three possible sources from which instruction input 
circuitry 562 could receive data indicating instructions: memory 564, storage medium access device 
566, and network 568. 

20 [0168] Memory 564 could be any conventional memory within machine 550, including random 
access memory (RAM) or read-only memory (ROM), or could be a peripheral or remote memory 
device of any kind. 

[0169] Storage medium access device 566 could be a drive or other appropriate device or 
circuitry for accessing storage medium 570, which could, for example, be a magnetic medium such 

25 as a set of one or more tapes, diskettes, or floppy disks; an optical medium such as a set of one or 
more CD -ROMs; or any other appropriate medium for storing data. Storage medium 570 could be a 
part of machine 550, a part of a server or other peripheral or remote memory device, or a software 
product. In each of these cases, storage medium 570 is an article of manufacture that can be used in 
machine 550. Data units can be positioned on storage medium 570 so that storage medium access 

30 device 566 can access the data units and provide them in a sequence to processor 552 through 
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instruction input circuitry 562. When provided in the sequence, the data units form instruction data 
560, indicating instructions as illustrated. 

[0170] Network 568 can provide instruction data 560 received as a communication from 
machine 580. Processor 582 in machine 580 can establish a connection with processor 552 over 
5 network 568 through network connection circuitry 584 and instruction input circuitry 562. Either 
processor could initiate the connection, and the connection could be established by any appropriate 
protocol. Then processor 582 can access instruction data stored in memory 586 and transfer the 
instruction data over network 568 to processor 552 so that processor 552 can receive instruction 
data 560 from network 568. Instruction data 560 can then be stored in memory 564 or elsewhere by 
.10 processor 552, and can be executed. 

Q [0171] The resulting layout data is stored in a machine readable form, or presented in a 
m communication to a remote system. 

S [0172] Automatic assignment of phase for phase shift regions, and the addition of proximity 

111 

M correction features, including optical proximity corrections features as described above, are 

yj 

B 15 provided in this example to facilitate processing. Three stages in the generation of phase shift mask 
SfJ layouts according to the process which is implemented using a design rule checking programming 
O language (e.g. Assura (TM) Design Rule Checker provided by Cadence Design Systems) in a data 
Q processing system, like that of Fig. 45, for one example, include definition of input layers, 
s " 7 generation of output layers, and cutting and assignment of phase values to the phase shift windows. 
20 [0173] In some embodiments, the display 556 supports depiction (and in some embodiments 
interaction with) one or more of the representations of the data shown generally in figures. For 
example, the representation of Fig. 29 where non-critical features of the pattern are marked in a 
distinguishing color could be presented for review and/or human modification. Similarly, the 
results of simulated exposures with and/or without OPC could be reviewed and possibly compared 
25 with a non-phase shifting exposure. 

[0174] In some embodiments, the assignment of phase values to regions is simplified (see 
blocks 517-518 of Fig. 44). Specifically, for many real world designs, the assignment can be done 
without the ranking (see block 517 of Fig 44) and without the minimization of a cost function (block 
518). One heuristic is to assume that a cut will be made in all possible cut regions and to assign 
30 phase values accordingly. 
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[0175] More generally, minimization of the cost function may be computationally intractable, or 
simply computationally undesirable, for one or more designs. Specific implementations may chose 
from a number of data representations and approaches (e.g. start with no cuts vs. start with all cuts). 
One embodiment uses a graph representation where each phase shifter region is represented as a 
5 node and one set of edges is used to represent adjacency and another set of edges is used to 

represent phase restrictions, e.g. an edge indicates that the two shifter regions must be of different 
phase, e.g. across a feature. Feasibility can be checked in such a graph by identifying odd length 
cycles of phase restrictions. To find a better solution than the heuristic above, adjacent nodes can be 
merged (e.g. a cut removed) provided that a phase conflict is not created. If the adjacency edges 
,10 (representing cutting regions) are weighted to indicate the relative cost of the cut then one approach 

0 is to attempt to merge adjacent nodes connected by the smallest (or greatest) edge weights. 

01 However, as Fig. 39 shows, some solutions may include extending or merging phase shift regions 
i|j into the (opaque) field to form larger shifter regions. 

fl [0176] The particular data representation and approach to solving the produced coloring 
1 15 problem may be varied to meet the computational needs and/or combined with multiple approaches. 
Ill For example, the graph approach described above could be applied for a predetermined number of 
iterations and then, optionally, be followed by further human optimization. 

O [0177] Embodiments of the invention generally require two masks, the phase shifting mask and 

III 

the trim mask. Because the cost of manufacturing two masks will exceed the cost of manufacturing 
20 a single mask, designers of ICs may want to carefully select which layers will be produced 

according to embodiments of the invention. For example, the designer might use embodiments of 
the invention to produce some layers while producing other layers with single-mask techniques. In 
one embodiment, only those layers of the IC that include patterns with a large number of densely 
packed, small dimension features relative to the density and size of features on other layers of a 
25 particular design are produced using the PSM approaches described herein. In other embodiments, 
factors considered in making the selection take into account IC yield and performance if a given 
layer is produced using the PSM approaches described herein. 

[0178] The application of adjustments for proximity correction in complex alternating phase 
shift masking patterns is provided, in which adjustments are available that change or add shapes in 
30 one or both of the phase shift mask pattern and the corresponding trim mask pattern. Such 
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adjustments are available for layouts in which phase assignment is executed automatically, and in 
which complex shapes, including shapes including intersecting lines. 

[0179] The foregoing description of various embodiments of the invention have been presented 
for purposes of illustration and description. The description is not intended to limit the invention to 
the precise forms disclosed. Many modifications and equivalent arrangements will be apparent to 
people skilled in the art. 
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